Introduction
============

Hepatocellular carcinoma (HCC) is the main primary liver cancer and one of the most common malignancies worldwide. HCC incidence is high in China, and the new cases of liver cancer in China account for 45% of all the cases in the world. HCC mortality ranks third in the world and second in China among all cancers, with current increases in overall incidence and mortality rates ([@b1-ol-0-0-6433]). The treatment of liver cancer is regularly updated, but the overall efficacy of treatments has not significantly improved. Recurrence and metastasis are still the most important factors affecting the prognosis of patients with HCC ([@b2-ol-0-0-6433]). Therefore, studies on the mechanisms of HCC invasion and metastasis may be helpful for the identification of potential molecular targets for the new and effective treatments.

Tumor microenvironment is composed of various components such as matrix fibroblasts, endothelial cells, and extracellular matrix. Experts proposed that the abnormal tumor microenvironment is the main cause of tumor progression and metastasis. Studies have shown that mast cells (MCs) are enriched in the tumor microenvironment, and clinical and experimental studies have confirmed that MCs can promote the occurrence and development of tumors ([@b3-ol-0-0-6433],[@b4-ol-0-0-6433]). Previous studies have shown that MCs can secrete histamine to inhibit the proliferation of HCC ([@b5-ol-0-0-6433]). Additionally, the increase of MCs usually indicate a poor prognosis of HCC patients ([@b6-ol-0-0-6433]). Thus, MCs in the tumor microenvironment can serve as a potential target for therapeutic intervention.

The interaction between tumor cells and MCs may be achieved by direct contact or through the release of secreted factors into the intercellular space. Exosomes are double membrane vesicles (diameter, 30--100 nm) released into the extracellular space to serve as important mediators of interactions between cells. Exosomes, which are derived from the fusion of the autophagic vacuole and the plasma membrane, are microbubbles produced by a variety of cells. After their release into the extracellular environment, exosomes can bind recipient cells to transfer their content. A variety of biomolecules, such as lipids, proteins, and nucleic acids (mRNA, microRNA, and DNA) are present in exosomes and can regulate the biological activity of recipient cells ([@b7-ol-0-0-6433]--[@b10-ol-0-0-6433]).

The hepatitis C virus E2 envelope glycoprotein (HCV-E2) plays an important role in viral infection and induction of host immune response ([@b11-ol-0-0-6433]) through binding the receptors on the surface of a variety of immune cells. HCV-E2 can also affect the biological properties of cancer cells. This suggests that HCV-E2 plays an important role in regulating the immune response and may be able to modulate the antitumor effect of tumor-infiltrating MCs. Here, we first tested the hypothesis that HCV-E2 can alter miRNA expression in MC-derived exosomes, thus affecting the invasion and metastasis of HCC.

Materials and methods
=====================

### Cell culture and treatment

The human HCC cell lines HepG2 and Hep3B, and the MC line HMC-1 were obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). Recombinant HCV-E2 antigen was from ImmunoDx (Woburn, MA, USA); cells were cultured in RPMI-1640 medium (HyClone; GE Healthcare Life Sciences, Logan, UT, USA) containing 10% fetal bovine serum (FBS) (HyClone) and penicillin/streptomycin (1:100, Sigma-Aldrich, St. Louis, MO, USA) at 37°C in a humid chamber containing 5% CO~2~.

### Purification of exosomes

Exosomes were extracted from the cell culture medium using the total exosome separation reagent from Invitrogen (Carlsbad, CA, USA). HMC-1 cells were cultured in 10 cm culture dishes with FBS-free medium. After 24 h, the cell culture medium was collected and centrifuged at 10,000 × g for 30 min to remove cell debris. The total exosome separation reagent was added to the cell-free medium and incubated overnight at 4°C. The exosomes were collected by centrifugation at 10,000 × g for 1 h at 4°C and then resuspended in 500 µl PBS and quantified using BCA protein assay (Thermo Fisher Scientific, Inc., Waltham, MA, USA).

### Labeling and tracking of exosomes

The exosomes in the supernatant of HCV-E2-stimulated MCs were labeled using the PKH67 Green Fluorescent Cell Linker kit (Sigma-Aldrich). The labeled exosomes were co-cultured with HepG2 cells for 24 h followed by elution. The uptake of labeled exosomes by receptor HepG2 cells was observed using a Leica TCS SP5 II laser scanning confocal microscope with a ×63 phase objective lens.

### miRNA transfection

Human micrOFF hsa-miR-7-5p (MIMAT0000252) antagomir and micrOFF antagomir negative control no. 24 were purchased from RiboBio (Guangzhou, China). Human hsa-miR-490 antagomir or negative control were directly transfected into HMC-1 MCs at 200 nmol according to manufacturer\'s instructions.

### RNA extraction and RT-PCR detection of miRNAs

The total RNA in the exosomes was isolated and enriched using the miRNeasy Mini kit (Qiagen, Gaithersburg, MD, USA) according to the manufacturer\'s instructions. Total RNA in HCC cells treated with exosomes (100 mg/ml) for 24 h was extracted using TRIzol reagent (Invitrogen). The mature miRNA-490 was reverse-transcribed with a specific RT primer and then quantified using a TaqMan probe according to the instructions (Applied Biosystems, Foster City, CA, USA). Human snRNA RNU6B (U6) was used to normalize the expression level of miRNA. The data were analyzed using the 2^−ΔΔCq^ method.

### miRNA microarray assay

Microarray assay of non-stimulated or HCV-E2-stimulated MC-derived exosomes was performed using miR marker reagents and hybridization kits, and human miR microarray kit (all from Agilent Technologies, Palo Alto, CA, USA). Total RNA (100 ng) from each sample was first phosphorylated and then labeled with Cyanine 3-pCp. The labeled RNA was purified using a Micro-Bio-spin column (Bio-Rad Laboratories, Inc., Hercules, CA, USA) followed by hybridization with human miRNA microarray slides at 55°C for 20 h. After hybridization, the slides were washed with gene expression wash buffer (Agilent) and scanned on an Agilent microarray scanner using Agilent\'s Scan Control A.7.0.1 software. The original hybridization intensity was obtained using Agilent\'s feature extraction software and 2,006 miRNAs were detected.

### Western blot analysis

Total proteins were isolated from HCC cells treated with MCs-derived exosomes (100 µg/ml). Rabbit monoclonal phosphorylated ERK1/2 antibody (dilution, 1:500; cat. no. SC-4370) and rabbit monoclonal ERK1/2 antibody (dilution, 1:500; cat. no. SC-33746) were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA), and mouse monoclonal GAPDH antibody (dilution, 1:1,000; cat. no. M20006) was from Abmart (Arlington, MA, USA).

### Migration and invasion assay

Cell migration assay: HCC cells were harvested and resuspended in serum-free RPMI-1640 medium and deposited on an 8 mm Transwell polycarbonate film (Corning Costar, MD, USA). Cell invasion assay: HCC cells were placed on an 8 mm aperture Transwell polycarbonate film (Corning Costar) coated with 50 µl Matrigel matrix (diluted 1:5 with serum-free medium). RPMI-1640 medium containing 10% FBS was added to the lower chamber. After 24 h of incubation, the cells on the surface of the membrane were removed and the cells that invaded into the membrane were fixed, stained, and counted with a microscope at ×200. The results were expressed as the mean of three independent experiments.

### Statistical analysis

All statistical analyses were performed using Prism 6.0 software (GraphPad, San Diego, CA, USA). The data are expressed as mean ± SEM and analyzed by t-test or Mann-Whitney test. All cell culture experiments were performed at least in three independent replicates. P\<0.05 was considered to be statistically significant.

Results
=======

### Internalization of HCV-E2-stimulated MC-derived exosomes in HCC cells

We collected exosomes from HMC-1 medium and confirmed the presence of two known exosomal markers, Alix and CD63, by western blot analysis ([Fig. 1A](#f1-ol-0-0-6433){ref-type="fig"}). To determine whether exosomes could be internalized by HCC cells fluorescent PKH67-labeled exosomes were incubated with HepG2 cells and examined by confocal microscopy. To exclude contamination and non-specific migration of HepG2 cells, PKH labeled control was used. No increase in fluorescence was observed after incubation with PKH labeled controls, confirming the specificity of exosome internalization by HCC cells ([Fig. 1B](#f1-ol-0-0-6433){ref-type="fig"}).

### HCV-E2-stimulated MC-derived exosomes inhibit HCC cell migration

To analyze the effect of MC-derived exosomes on HCC cells, HepG2 and Hep3B cells were incubated with PBS, normal MC-derived exosomes, and HCV-E2-stimulated MC-derived exosomes. Compared with the PBS treatment, the migration and invasion significantly increased in HCC cells treated with normal MC-derived exosomes (P\<0.05). However, HCV-E2-stimulated MC-derived exosomes significantly inhibited the migration and invasion of HCC cells (P\<0.05) ([Fig. 2](#f2-ol-0-0-6433){ref-type="fig"}). Thus, HCV-E2-stimulated MC-derived exosomes can inhibit HCC cell metastasis.

### HCV-E2 stimulation leads to miR-490 enrichment in MCs, MC-derived exosomes, and recipient HCC cells

Exosome-mediated transfer of miRs is a novel mechanism for intercellular genetic exchange ([@b12-ol-0-0-6433]). To identify differentially expressed miRs in exosomes from MCs with and without HCV-E2 treatment, we performed a miR microarray. Compared with the exosomes from MCs without HCV-E2 treatment, we identified 19 differentially expressed miRs in the exosomes from MCs with HCV-E2 treatment. Of the 19, 15 miRs were upregulated and 4 were downregulated ([Table I](#tI-ol-0-0-6433){ref-type="table"}). miR-490 has been recognized as a tumor suppressor in human cancers. Based on this known role, we further studied the miR-490. QRT-PCR showed that HCV-E2 stimulation could upregulate miR-490 in MCs ([Fig. 3A](#f3-ol-0-0-6433){ref-type="fig"}). The level of miR-490 in the HCV-E2-stimulated MC-derived exosomes was higher than that in normal MC-derived exosomes ([Fig. 3A](#f3-ol-0-0-6433){ref-type="fig"}). In addition, HCV-E2-stimulated MC-derived exosomes incubated with the two types of HCC cells for 24 h increased the levels of miR-490 in HCC cells compared with the incubation with normal MCs-derived exosomes ([Fig. 3B](#f3-ol-0-0-6433){ref-type="fig"}). These results indicate that HCV-E2 can not only upregulate miR-490 in MCs but also promotes the accumulation of miR-490 in MC-derived exosomes.

To investigate whether the MC-derived exosome regulation of tumor metastasis is associated by the EGFR/AKT/ERK1/2 pathway, exosomes from MCs with and without HCV-E2 treatment were incubated with HCC cells. The expression of EGFR, phosphorylated AKT, and ERK1/2 in HCC cells showed that HCV-E2-stimulated MC-derived exosomes downregulated the expression of EGFR, and the phosphorylation of AKT and ERK1/2, but did not affect the levels of total AKT and ERK1/2 in HepG2 and Hep3B cells ([Fig. 3C](#f3-ol-0-0-6433){ref-type="fig"}).

### miR-490 in MC-derived exosomes regulated HCC cell migration

To investigate whether the migration of HCC cells can be regulated by miR-490 transported by exosomes, a miR-490 antagomir was transfected into MCs 24 h prior the HCV-E2 stimulation. Compared with the control group, qRT-PCR showed a decrease in miR-490 levels in MCs pre-transfected with antagomiR-490 ([Fig. 4A](#f4-ol-0-0-6433){ref-type="fig"}). The levels of miR-490 in each group of exosomes showed that miR-490 was downregulated in exosomes from MCs pre-transfected with antagomiR-490 ([Fig. 4B](#f4-ol-0-0-6433){ref-type="fig"}). QRT-PCR also showed that the levels of miR-490 in the two HCC cell lines were reduced after incubation with exosomes from MCs pre-transfected with antagomiR-490 ([Fig. 4C](#f4-ol-0-0-6433){ref-type="fig"}). Consistent with the qRT-PCR results, the migration and invasion of HCC cells significantly increased after incubation with exosomes from the MCs pre-transfected with antagomiR-490 ([Fig. 4D](#f4-ol-0-0-6433){ref-type="fig"}). Therefore, miR-490 from MC-derived exosomes can regulate the migration of HCC cells.

Discussion
==========

Exosomes are considered important mediators of the interaction between tumor cells and their environment. Exosomes secreted by cancer cells can effectively disrupt tight junctions and vascular endothelial barrier integrity to promote tumor metastasis ([@b13-ol-0-0-6433]). Additionally, lung cancer cell-derived exosomes can regulate the migration of lung cancer cells through TGF-β and IL-10 signaling ([@b14-ol-0-0-6433]). Moreover, mesenchymal stem cell-derived exosomes can inhibit the proliferation of HCC cells ([@b15-ol-0-0-6433]). Furthermore, the function of immune cell-derived exosomes is mainly focused on immune regulation: MC-derived exosomes can activate B and T lymphocytes to play a role coordinating pro-inflammation and inflammation ([@b16-ol-0-0-6433]). Here, we found a new function of MC-derived exosomes in promoting migration and invasion of HCC cells. However, HCV-E2-stimulated MC-derived exosomes can inhibit the invasion and migration of HCC cells.

miRs are known to accumulate in exosomes and can be transferred between cells ([@b12-ol-0-0-6433]). Due to their gene regulatory function and relative stability, the transfer of exosomal miRs has drawn our attention as a mechanism regulating tumor growth and metastasis. miR-490 is a tumor suppressor miR that plays an important role in the migration, invasion, and growth of breast ([@b17-ol-0-0-6433]), colon ([@b18-ol-0-0-6433]) and ovarian ([@b19-ol-0-0-6433]) cancer. In addition, miR-490 can regulate the proliferation and metastasis of HCC cells by targeting ERGIC3 ([@b20-ol-0-0-6433]). About 70% of liver cancer cells express high levels of EGFR, whereas activated EGFR plays an important role in cell migration, which in turn lead to angiogenesis ([@b21-ol-0-0-6433]). Thus, inhibition of EGFR is a potential treatment of cancer ([@b22-ol-0-0-6433],[@b23-ol-0-0-6433]). We found that HCV-E2 increased the expression of miR-490 in MC-derived exosomes and recipient HCC cells, thereby reducing the activity of EGFR/AKT/ERK1/2 pathway and inhibiting the migration of HCC cells. Moreover, transfection of antagomiR-490 in MCs reduced levels of miR-490 in MC-derived exosomes and recipient HCC cells and enhanced the migration and invasion of HCC cells.

We also report for the first time that HCV-E2 can contribute to the accumulation of miR-490 in MCs. However, the mechanism mediating the functional interactions has not yet been revealed. In fact, nuclear factor (NF)90 and NF45 complexes can negatively regulate miR-490 biosynthesis in HCC cells by inhibiting miR-490 precursors ([@b24-ol-0-0-6433]). Further studies are needed to investigate whether the upregulated miR-490 expression induced by HCV-E2 is mediated by the regulation of NF90 and NF45.

Collectively, we confirmed that MCs can transfer miR-490 to HCC cells through exosomes to inhibit the EGFR/AKT/ERK1/2 pathway, which in turn leads to the inhibition of tumor metastasis. In addition, we also discussed the potential of exosome miR-490 as a target for *in vivo* therapy.

![MC-derived exosomes and uptake by HCC cells. (A) Western blot analysis showed that exosome markers Alix and CD63 were present in the lysates of MCs with or without HCV-E2 stimulation, and MC-derived exosomes. (B) HepG2 cells were incubated with PKH67-labeled MCs-derived exosomes for 24 h and fluorescence was detected by confocal microscopy. MC, mast cell; HCC, hepatocellular carcinoma; HCV-E2, hepatitis C virus E2 envelope glycoprotein.](ol-14-02-2141-g00){#f1-ol-0-0-6433}

![HCV-E2-stimulated MC-derived exosomes inhibit HCC metastasis. HCC cells were co-cultured with PBS (blank group), normal MC-derived exosomes (Exo-NC group), and HCV-E2-stimulated MC-derived exosomes for 48 h. Transwell migration assay was used to detect the migration ability of each group. \*P\<0.05. HCV-E2, hepatitis C virus E2 envelope glycoprotein; MCs, mast cells; HCC, hepatocellular carcinoma. \*\*P\<0.01.](ol-14-02-2141-g01){#f2-ol-0-0-6433}

![HCV-E2 stimulation increases expression of miR-490 in MCs, MC-derived exosomes, and recipient HCC cells. (A) The levels of miR-490 in the MCs with and without HCV-E2 treatment, and the exosomes from them detected by qRT-PCR (\*P\<0.05). (B) The levels of miR-490 in HCC cells after 24 h incubation with exosomes from the MCs with and without HCV-E2 treatment detected by qRT-PCR (\*P\<0.05). (C) EGFR expression and phosphorylation of ERK1/2 in HCC cells after 24 h incubation with exosomes from the MCs with and without HCV-E2 treatment detected by western blot analysis. HCV-E2, hepatitis C virus E2 envelope glycoprotein; MC, mast cell; HCC, hepatocellular carcinoma. \*\*P\<0.01.](ol-14-02-2141-g02){#f3-ol-0-0-6433}

![miR-490 in MC-derived exosomes regulated HCC cell migration. (A) Expression of miR-490 in miR-490 antagomir pre-transfected MCs with or without HCV-E2 treatment was detected by qRT-PCR (\*P\<0.05). (B) The expression level of miR-490 in MCs pre-transfected with antagomiR-490 and the MCs-derived exosomes detected by qRT-PCR. (C) The expression of miR-490 in HCC cells after incubation with exosomes from MCs pre-transfected with antagomiR-490 was detected by qRT-PCR (\*P\<0.05). (D) HCC cells were co-cultured with antagomiR-490 or exosomes from the MCs pre-transfected with antagomiR-490. Transwell assay was used to detect the migration of cells in each group (\*P\<0.05). MC, mast cell; HCC, hepatocellular carcinoma; HCV-E2, hepatitis C virus E2 envelope glycoprotein. \*\*P\<0.01; \*\*\*P\<0.001.](ol-14-02-2141-g03){#f4-ol-0-0-6433}

###### 

Differentially expressed miRNAs in exosomes derived from MCs with or without HCV-E2 stimulation identified by microarray analysis.

  miRNA             Changes (times) Exo-NC vs. Exo-HCV-E2   Regulation Exo-NC vs. Exo-HCV-E2
  ----------------- --------------------------------------- ----------------------------------
  hsa-miR-1226-5p     5.8737507                             Up
  hsa-miR-4773      5.431116                                Up
  hsa-miR-490-5p      5.3567324                             Up
  hsa-miR-1539          5.19822718                          Up
  hsa-miR-583         5.0304384                             Up
  hsa-miR-148a-3p     4.9687176                             Up
  hsa-miR-17-3p     4.849384                                Up
  hsa-miR-7-5p      2.615334                                Up
  hsa-miR-140-5p    2.509281                                Up
  hsa-miR-625-5p      2.4766479                             Up
  hsa-miR-590-5p    2.439023                                Up
  hsa-miR-296-5p      2.3905835                             Up
  hsa-miR-181b-5p     2.3839395                             Up
  hsa-miR-132-3p      2.3541996                             Up
  hsa-miR-23a-5p      2.0381694                             Up
  hsa-miR-602       −2.0340648                              Down
  hsa-miR-181a-5p   −2.407178                               Down
  hsa-miR-636       −2.6478755                              Down
  hsa-miR-574-3p    −6.3542786                              Down

MC, mast cell; HCV-E2, hepatitis C virus E2 envelope glycoprotein.
